, and GaAs NM Schottky TRAPATT (TRApped Plasma Avalanche Triggered Transit) diodes were simulated. The simulation of GaAs TRAPATT diodes was done for the first time. The quasi-hydrodynamic model was chosen for the simulation of the processes. The Synopsys TCAD Sentaurus Software Package was used. The carrier mobility dependence on phonon scattering, impurity scattering, carrier-carrier scattering, intervalley scattering (for GaAs), and mobility saturation in a high electric field was taken into account. Several generation-recombination mechanisms were included: impact ionization, Shockley-Read-Hall recombination (SRH) with doping-dependent lifetimes, trap-assisted tunnelling, band-to-band tunnelling, Auger recombination, and radiative recombination (for GaAs). We show that the so-called critical current density for plasma formation in the submicron diodes increases with the active layer thickness decrease and almost does not depend on the doping density in the active layer. The critical current density for silicon diodes is about two times lower than for the GaAs diodes. The intensive minority carrier storage in the N + and P + regions has a high influence on the voltage oscillation amplitude and frequency after the first plasma formation and extraction period. Oscillation damping takes place in the N + NP + GaAs diode with the active layer thickness of less than 0.3 µm.
Introduction
TRAPATT diodes were invented in [1] as high-power microwave devices working with high efficiency. The best achieved result on efficiency (75 percent) was reported in [2] . Peak power output of 1.2 kW at 1.9 GHz with 24% efficiency from five series-connected diodes has been obtained in [3] . Very important results on powerful TRAPATT diodes were reported in [4] . The physical mechanism of the new avalanche diode operation mode was described in [5] by computer simulation. The analytical model of the TRAPATT diode was proposed in [6, 7] . It was shown that, contrary to the transit time mode, the main role in achieving high efficiency is played by the space charge of the carriers generated during the short but extremely intensive avalanche process in the whole active region of the diode. If the total current density is sufficiently high, the space charge density of free carriers exceeds the density of the ionized impurity several times and defines the electric field shape in the active region. The generated electrons and holes move in opposite directions. This causes the electric field to drop to a very low value during several picoseconds. As a result, we have electron-hole-ionized impurity plasma in the active region of the diode. The plasma extraction period (up to several hundred picoseconds) in a low electric field follows the plasma formation process. Due to a relatively long plasma extraction period, the frequency of the TRAPATT generator is several times lower than in the transit time mode. The maximum frequency of the TRAPATT generator obtained experimentally is in the X-band [8, 9] . TRAPATT diodes are suitable for phased-array radar systems [10] . In [11] [12] [13] it was shown that TRAPATT diodes are useful not only for generating sinusoidal oscillation, but for generating triangular pulses with sub-nanosecond duration as well. Optical synchronization, amplification, frequency, and amplitude modulation were demonstrated experimentally [14] [15] [16] .
Due to the above-mentioned advantages TRA-PATT diodes have been useful for microwave power generation up to now. But these diodes have several disadvantages: start-up jitter when using TRAPATT diodes for microwave pulse generation in modern radar systems, relatively high current density, and relatively low frequency (less than 10 GHz). The start-up jitter may be substantially reduced by proper design of the external circuit of the TRAPATT generator and by using P + PN + or P-type Schottky diodes [17] .
The generation frequency increase may be achieved by using silicon or GaAs TRAPATT diodes with a submicron active layer. We carefully inspected the literature on TRAPATT diodes and have not found any papers with experimental or theoretical investigation of silicon submicron TRAPATT diodes. We also have not found any papers on GaAs TRAPATT diodes. The main processes in the TRAPATT diode are: electron-hole plasma formation due to very intensive impact ionization in a high electric field and plasma extraction in a low electric field. The plasma formation process and the resulting plasma density depend on the N + N interface steepness [18, 19] , on the electron diffusion coefficient in the high electric field [19] , and on the dynamic minority carrier storage [20, 21] . Because of the dynamic minority carrier storage, the initial conditions for the first and the second oscillation period are not the same. We have aperiodic oscillation which may be the reason of oscillation jitter in the real external circuit of the TRAPATT generator. In [20] the dynamic minority carrier storage was obtained for the first time in the N + NP + diode. In [21] a comparison between N + NP + and P + PN + diodes was made, but with the assumption that the carrier diffusion coefficient is independent of the electric field and the doping density. Thus, we can consider these results as qualitative results, because the carrier diffusion coefficient dependence on the electric field strongly affects the plasma formation process in the TRAPATT diode [19] . The detailed simulation of various silicon TRAPATT diodes with a 2-3 µm active layer was made in [17] . The most periodic oscillation was obtained in the P-type Schottky diodes without a P + layer. In all above-mentioned calculations, carrier-carrier scattering, Shockley-Read-Hall recombination with doping dependent lifetimes, trap-assisted tunnelling, Auger recombination, band-to-band tunnelling, and radiative recombination were not taken into account.
The main purpose of our work is computer simulation of submicron TRAPATT diodes for the generation of oscillation with the frequency above 10 GHz and a comparison of silicon and GaAs TRAPATT diodes.
TRAPATT diode model
The doping distribution in the modelled TRAPATT diodes is shown in Fig. 1 . Donor N d (x) and acceptor N a (x) distribution is approximated by a well-known function erfc(x) [19] , where x is distance, donor and acceptor density at the contacts N d0 = 5•10 18 cm For computer simulation of the TRAPATT diodes we used Boltzmann statistics at lattice temperature T = 300 K and a one-dimension quasi-hydrodynamic model based on Poisson's equation for electrostatic potential, continuity equations for electrons and holes, and energy balance equations for electrons and holes according to Synopsys TCAD Sentaurus:
where t is time, n is electron density, p is hole density, ϕ is electrostatic potential, J n , J p are the electron and hole current densities, G ii is the charge generation term due to impact ionization, R net is the net recombination rate, q is the electronic charge, ε is electrical permittivity, W n , W p are the electron and hole energy densities, S n , S p are the electron and hole energy fluxes, E C , E V are conduction and valence band edges, W n0 , W p0 are the energy densities at T n = T p = T, T n , T p are the electron and hole temperatures, the energy relaxation times for electrons and holes τ en = 0.3 ps, τ ep = 0.25 ps for silicon and τ en = 1 ps, τ ep = 0.4 ps for GaAs. The parameters ξ n , ξ p improve numeric stability. They speed up relaxation for small densities and they approach 1 for large densities:
and likewise for ξ p . Here, n min and n 0 are adjustable small density parameters.
where µ n, µ p are the electron and hole mobility, k is Boltzmann constant. The net recombination rate
where R net SRH is Shockley-Read-Hall recombination rate with doping dependent [22] and field dependent (Schenk trap-assisted tunnelling model [23] ) lifetimes for electrons and holes, R A net is the band-to-band Auger recombination rate with temperature dependent Auger coefficients for silicon [24] [25] [26] , R BB net is the band-to-band tunnelling rate [27] , R R net is the radiative recombination rate (for GaAs). The doping-dependent bandgap narrowing E bgn was calculated using the Slotboom model [28] [29] [30] [31] .
The energy densities are given by:
The energy fluxes are:
where λ n = λ p = 1, r n = r p = 0.6, f n hf = f p hf = 1. The generation rate due to impact ionization can be expressed as
where α n , α p are the ionization coefficients for electrons and holes, ν n , ν p are the electron and hole drift velocities. For calculation of the ionization coefficients we used the van Overstraeten and de Man model [32] based on the Chynoweth law:
The effective field F n eff for electrons was calculated using the expression 18) where ν sat,n is the electron saturation velocity. A similar equation is used to determine F p eff . The parameters γ n = γ p = 1 for silicon and equal to zero for GaAs, δ n = δ p = 3/2.
The carrier mobility dependence on phonon scattering, impurity scattering, carrier-carrier scattering, intervalley scattering (for GaAs), and mobility saturation in a high electric field was taken into account. The electron and hole low field mobility in the undoped semiconductor due to phonon scattering μ n = 1417 cm 2 /Vs, μ p = 470.5 cm 2 /Vs for silicon and μ n = 8500 cm 2 /Vs, μ p = 400 cm 2 /Vs for GaAs. The doping-dependent mobility proposed by Masetti et al. [33] was used for silicon. The doping-dependent mobility for GaAs was calculated using the Arora model [34] . The carrier-carrier scattering model is based on Choo [35] and Fletcher [36] . This model was used for silicon.
The mobility saturation in a high electric field for electrons and holes in silicon and for holes in GaAs describes the Canali model [37] .
For GaAs a negative differential mobility can be observed for high driving fields. TCAD Sentaurus includes a transferred electron model for the description of this effect, as given by [38] .
The contacts on semiconductors are ohmic. The charge neutrality and equilibrium are assumed at Ohmic contacts: 20) where n 0 , p 0 are the electron and hole equilibrium concentrations, n i,eff is the effective intrinsic density (including doping-dependent bandgap narrowing). At the Schottky contact the following boundary conditions hold: 25) where ϕ F is the Fermi potential at the contact which equals the applied voltage, N C , N V are the density of states in conduction and valence band, E g,eff = E g -E bgn , E g is the bandgap, Φ B is the barrier height (the difference between the contact workfunction and the electron affinity of the semiconductor), v n = 2.573·10 6 cm/s, v p = 1.93·10 6 cm/s are the thermionic emission velocities. The barrier-lowering model for Schottky contact was taken into account.
For the carrier temperatures T n and T p , at the thermal contacts, fast relaxation to the lattice temperature (boundary condition T n = T p = T) is assumed.
Almost all calculations were made assuming a constant total current density. An external circuit containing capacitances or other elements was not used. The boundary conditions for the electric field F (the derivative of the electrostatic potential) were calculated by solving the equation for the total current density:
The set of the above-mentioned nonlinear equations derived in difference form was solved using the Newton method.
The computer simulation results
The . Thus, almost the whole current is a displacement current and we have the electric field increasing at a constant rate. As we can see in Fig. 2 , the diode voltage increases linearly until very intensive impact ionization begins. The carrier density increases rapidly. Near the voltage maximum point the carrier density becomes much larger than the donor density in the active layer, and according to Poisson's equation the carrier density defines the electric field shape. In the active layer the electric field decreases with time. The diode voltage decreases as well. In the time interval of about several picoseconds the diode voltage decreases to a very low value. We have a very high carrier density (above 10 16 cm -3
) in a low electric field (600-700 V/ cm). Almost in the whole active region n -p = N d1 , which indicates electron-hole-ionized donor plasma. The next process is the plasma extraction in the low field. After this process (15-20 ps) the diode voltage increases again and the next oscillation period begins. The oscillation period depends on the plasma extraction time. It depends on the carrier density in plasma and the applied total current density. Larger current density leads to a more rapid increase of diode voltage, a higher voltage maximum, and a more intensive impact ionization process. As a result we have a denser electron-hole plasma and a prolonged plasma extraction process. Thus, the first oscillation period increases with the total current density increase. All next oscillation periods differ from the first one sufficiently (Fig. 2) due to a very high total current density needed for diodes with a submicron active layer. The difference between the first and second voltage oscillation periods is much greater than in the diodes with the active layer of several microns [17] . The high current density leads to a high voltage increasing rate and a very short increasing time after plasma extraction. The minority carriers accumulated in N + and P + regions need more time for extraction. They support a residual carrier density in the active region that is several orders higher than at the beginning of the first oscillation period. As a result, we have a very early impact ionization process, a low voltage maximum, a low carrier density in the plasma, and a very short second oscillation period. The oscillation amplitude increases with time. This transient process continues for about 100 ps.
In Fig. 2 we can see the effect of carrier-carrier scattering on voltage oscillation of a silicon TRAPATT diode with the active layer thickness of 0.3 µm. The carrier-carrier scattering does not change the first oscillation period. The oscillation amplitude differs slightly during the transient process. The frequency and amplitude of the steady state oscillation does not depend on carrier-carrier scattering.
The total current density must exceed the critical current density J cr for plasma formation in the diode. The simple analytical theory of the TRAPATT diode [6, 7] shows that 27) where N d1 is the donor density in the active layer, v sat is the electron saturation velocity in a high electric field. Equation (3.27) is based on the assumption that the impact ionization wave propagates from the NP + interface to the N + region during the plasma formation period. When J > J cr , the wave propagation velocity v w > v sat and the carriers accumulate in the active layer filling it with electron-hole-ionized donor plasma. This theory works very well for relatively long diodes. In the diodes with the active layer thickness w a of about 3 µm we have the electric field collapse in the centre of the diode propagating to the left and to the right at the same time [17] . The critical current density in these diodes is about two times less than we can obtain from Eq. (3.27). J cr = qN d1 v sat for silicon diodes with the active layer of about 1 µm and for GaAs diodes with the active layer of about 1.2 µm (Fig. 3) . For the active layer thickness of less than 0.5 µm, the critical current density increases dramatically (Fig. 3) . J cr = 45 kA/cm 2 for the silicon diode, and J cr = 95 kA/cm 2 for the GaAs diode with w a = 0.2 µm. This effect can be explained as follows. The dynamic avalanche breakdown voltage U dyn necessary for plasma formation is several times greater than the static breakdown voltage U st . U dyn may be achieved only when the voltage increasing rate is sufficiently high. This rate is inversely proportional to the depletion layer capacitance and directly proportional to the total current density which is almost displacement current density before intensive impact ionization begins. The depletion layer capacity of the diodes with w a > 1 µm is relatively low and the critical current density depends mainly on N d1 according to Eq. (3.27) . For the diodes with w a < 1 µm the depletion layer capacitance is sufficient and J cr is inversely proportional to the active layer thickness and does not depend on the doping density in the active layer. The diode voltage oscillation remains almost the same when changing the doping density from 2.4·10 15 cm -3 to 10 16 cm -3 (Fig. 4) . The voltage oscillation in Figs. 2 and 4 shows that oscillation frequency of up to 50 GHz may be achieved using silicon and GaAs TRAPATT diodes. The main disadvantage of these diodes is an extremely high current density which restricts the practical application of TRAPATT diodes with w a < 0.2 µm. The critical current density for silicon diodes is about two times lower than for the GaAs diodes. This fact may be explained as follows. The bandgap of GaAs is about 1.5 times wider than of silicon. So, the dynamic breakdown voltage is higher. The electrical permittivity of GaAs is higher than that of silicon and as a consequence the depletion layer capacitance is higher. As a result, we need higher current density for reaching U dyn at the same time as in silicon diodes. Thus, silicon diodes are more appropriate for practical application than GaAs ones.
In Fig. 5 we can see the trap-assisted tunnelling effect on voltage oscillation of a GaAs TRAPATT diode. The oscillation amplitude is lower and the frequency is higher when the trap-assisted tunnelling is taken into account. The tunnelling begins at a relatively low electric field of about 3·10 5 V/cm. The positive values of oscillation of silicon diodes is inferior to that on GaAs diodes, because the bandgap in silicon is narrower than in GaAs. The impact ionization in silicon begins at a lower electric field and the R net SRH comprises a lower part in the overall charge generation rate.
The band-to-band tunnelling takes place at the electric field higher than 8·10 5 V/cm. At such high electric field the avalanche generation rate is about six to seven orders greater than the generation rate due to the band-to-band tunnelling. Thus, the effect is negligible and we cannot see any difference in voltage oscillation with and without band-to-band tunnelling.
The Auger and radiative recombination rate is negligible in comparison with the R net SRH . Thus, the Auger and radiative recombination may be neglected.
The main difference between N + NP + silicon and GaAs TRAPATT diodes is the voltage oscillation damping on GaAs diodes with the active layer thickness of less than 0.3 µm (Fig. 8) . This effect may be R net SRH in Fig. 6 mean the carrier recombination rate and the negative values mean the carrier generation rate. At the beginning of the first oscillation period (t = 14 ps, Fig. 6 ) R net SRH with tunnelling is several orders greater than R net SRH without tunnelling and the avalanche generation rate. As a result, the carrier density in the active layer at the beginning of the oscillation period is about three orders higher (Fig. 7) . Due to this carrier density, avalanche generation begins earlier and the voltage maximum becomes lower resulting in a lower carrier density in plasma and a more rapid plasma extraction. The trap-assisted tunnelling effect on voltage explained as follows. The initial carrier density in the active layer at the beginning of the first and second voltage oscillation periods is different mainly due to the minority carrier accumulation in the N + and P + layers. The thickness of these layers is the same in all simulated diodes. Thus, the accumulated charge is almost the same as well (depends on the total current density). After the plasma formation period the electrons and holes move from the P + and N + regions to the active region. So, the initial carrier density at the beginning of the second oscillation period is by several orders higher than at the beginning of the first period. The smaller the active region, the higher the density of the initial carriers. In the diode with the active layer of 0.2 µm the initial carrier density increases from one period to the next (Fig. 9 ) which causes the voltage oscillation amplitude to decrease with time (Fig. 8) . In silicon diodes with the same active layer thickness the initial carrier density decreases from one period to the next and we have the voltage oscillation amplitude increasing with time. The carrier extraction from the active layer in silicon diodes is more rapid than in GaAs diodes due to higher electron velocity in the electric field of about 10 5 V/cm. The voltage oscillation damping effect is sufficiently lower in the diodes without N + and P + regions. We calculated a GaAs N-type Schottky diode without the N + region and with the active layer thickness of 0.2 µm. Some oscillation damping takes place during the transient period of about 100 ps. After that period we have steady state oscillation with the constant amplitude and the frequency exceeding 50 GHz (Fig. 10) . Thus, the N-type GaAs Schottky diode is more appropriate than the N + NP + diode for the generation of microwave power with the frequency above 50 GHz. All our calculations made at a constant total current density show the maximum oscillation frequency which may be achieved by the TRAPATT generator. Any real TRAPATT generator consists of a TRAPATT diode and an external circuit. In such a circuit total current does not remain constant during the oscillation period. In the Kawamoto circuit [11] the shape of the current pulses is near to the triangular [13, 16] and does not depend on the oscillation frequency [13, 16] . The duration of the pause between the current pulses decreases with frequency and is equal to zero at the maximum frequency. The pause between current pulses is very important for the residual carrier extraction from the active layer after the plasma formation period. The oscillation damping in the GaAs TRAPATT diode may be overcome by using a pulsed total current with the appropriate pause between the pulses. In Fig. 11 we can see a quite periodic oscillation in the N + NP + GaAs TRAPATT diode with the active layer of 0.2 µm. The period of the current pulses is equal to 35 ps. Decreasing the period leads to aperiodic oscillation due to high residual carrier density in the active layer at the beginning of the next oscillation period. The residual carrier density decreases with time during the pause between current pulses (Fig. 12) . At t = 35 ps we have the same carrier density in the active layer as at the beginning of the previous oscillation period. This means that the periodic oscillation at the frequency of 28.6 GHz is the maximum frequency for the N + NP + GaAs TRAPATT diode with the active layer of 0.2 µm. A much higher frequency (of about 50 GHz) may be achieved in diodes with the active layer of 0.3 µm (Fig. 8) . Thus, the production of the N + NP + GaAs TRAPATT diode with the active layer of less than 0.3 µm does not make sense.
Conclusions
Plasma formation and extraction processes in submicron silicon and GaAs N + NP + and GaAs NM Schottky TRAPATT diodes were simulated. The critical current density for plasma formation in such diodes is inversely proportional to the active layer thickness and almost does not depend on the donor density in the active layer. The critical current density in the silicon diodes is about two times less than in the GaAs diodes. The extremely high current density restricts the practical application of TRAPATT diodes with w a < 0.2 µm. The carrier-carrier scattering, Auger recombination and band-to-band tunnelling does not have a sufficient effect on the voltage oscillation at the constant current density. However, the trap-assisted tunnelling must be taken into account when modelling TRAPATT diodes with a submicron active layer. The effect is smaller in silicon TRAPATT diodes due to the narrower bandgap in silicon. The main difference between N + NP + silicon and GaAs TRAPATT diodes is the voltage oscillation damping on GaAs diodes with the active layer thickness of less than 0.3 µm. The periodic oscillation with the maximum frequency of about 30 GHz in these diodes may be achieved only in the case of pulsed total current with an appropriate duration of the pause between current pulses. Steady state oscillation with the frequency exceeding 50 GHz can be obtained in N-type GaAs Schottky diodes without a N + region and with the active layer of 0.2 µm. + GaAs TRAPATT diode with w a = 0.2 µm during the pause between the first and second current density pulses.
